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Formation of OH Radicals in the Gas-Phase Reaction of Propene, Isobutene, and Isoprene
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OH radicals originating from the alken®zone reaction have been proposed as a relevant source of OH
radicals in the lower troposphere. Since the reported yields of OH radicals differ considerably, we redetermined
the OH radical yield for three terminal alkenes by performing a series of pseudo-first-order experiments.
Ozonolysis studies were carried out under excess ozone conditions in the presence of different cyclohexane
concentrations. The decay rate of the alkdng)(was followed by long-path FTIR spectroscopy. From the
decrease of the effective rate constadqt(= kex[Os]) upon addition of cyclohexane, the OH radical yield

was determined. The OH radical yields were found to be independent of the concentration of reactants for
the Criegee intermediates, which are formed in ozonolysis systems. From these results we conclude that OH
radicals are formed in a unimolecular process, presumably from the decomposition of the excited Criegee
intermediate. Determined yields of OH radical formation in the ozonolysis of propene, isobutene, and isoprene
were 0.34, 0.60, and 0.26, respectively. Detailed product studies were performed to verify if the observed
stable products can be explained by the assumption that OH radicals are formed via the hydroperoxide channel
as proposed by Niki et alJ[ Phys. Chenil987, 91, 941—-946]. For the isobutereozone system, experimental
product yields were found to agree well with predictions from a chemical mechanism based on the chemistry
of the acetonylperoxy radical GB(O)CHO,, which is formed as an important radical product from the
decomposition of the (CHLCOO Criegee intermediate.

Introduction and Herron? it is widely accepted that the Criegee intermediate
can undergo three different decompositiégsomerization path-

The gas-phase reaction of ozone with alkenes is one of theways in the gas phase, with the star indicating excess vibrational

very few reactions of atmospheric interest that are initiated .
without free radicals. This tropospheric oxidation pathway for energy:

unsaturated compounds has received considerable attentio

because of the reported formation of OH radidafsAccording ‘ester channel

to a study of Paulson and Orlandthe reaction of ozone with R,CH,(R,)COO* — R,CH,C(O)OR*
simple anthroprogenic alkenes can produce significant amounts .

of OH radicals in urban and rural atmospheres. Another aspect R,CH,C(O)OR* — R,CH, + R, + CO, (3a)
of this pathway for OH radical formation is that it is independent R.CH.C(O)OR* — R.CH.R. + CO. 3b
of sunlight and therefore might represent a source of OH radicals 1CHL(O)OR, 1= 2 (3b)
at nigh® or in indoor environment3.

Although the mechanism of the gas-phase ozonolysis is not hydroperoxide channel

completely clear and the Criegee intermediate remains to be R,CH,(R,)COO* — R,CH=C(OOH)R,*
detected in the gas phase, the formation of the Criegee
intermediate (reaction 2) can be explained by the decomposition R,CH=C(OOH)R* — R,CH=C(O)R, + OH  (4)
of the primary ozonide (or molozonide), which represents the
primary (unstable) product of the alkene ozonolysis: stabilization channel
0 R,CH,(R,)COO*+ M — R,CH,(R,)COO+ M (5)
07 o
R \C— /R An additional decomposition channel for the energy-rich Criegee
R,C=CR, + Oz BN 2 2 Q) intermediate, the elimination of €K) atoms, has been observed
in the reaction of @ with trans1,2-dichloroethené! This
0/0\0 potential channel has not been included in the above scheme,
\ since to date little firm evidence for its occurrence in the
R,C—CRy reactions of @Qwith simple alkenes has been found. So far only

*
; 2
R.LO0 +R.CO @ upper limits for this channel have been established; all were

well below 5%213
The mechanism of OH radical formation via the hydroper-
*To whom correspondence should be addressed. E-mail: neeb@ OXide channel (reaction 4) is supported by the results of Atkinson
mpch-mainz.mpg.de. et al.2who found a quantitative relationship between the extent

Mainly on the basis of the studies of Niki et’ahnd Martinez
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of OH radical formation and the number of H atoms in yields do agree well with experimental data for all measured
SB-position to the double bond. While the formation of OH products except methylglyoxal, which was underestimated by
radicals via the intermediary formation of a hydroperoxide is a factor of 2. As a result, it appears that product yields in the
the most widely accepted mechanism, Paulson ¥tsalggested isobutene-ozone system strongly depend on the reactions of
that OH radicals are formed in the reaction of the stabilized the peroxy radicals formed. Under conditions of high NO only
Criegee intermediate (formed in reaction 5) with water vapor: the formation of CO, CQ HCHO, HCOOH, and CkC(O)-

CHs are expected as stable products from the ozonolysis of
R,CH,(R,)COO+ H,0 — R,CH,C(O)R, + 20H (5) isobutene.

In a recent study from this group Sdha et al® found no Experimental Section

evidence for the direct formation of OH radicals in the _ _ . _

ozonolysis and proposed that the Criegee intermediate might Expenments_were carried out in an evacuable, 570 L spherical

act as an oxidant for the alkenes and alkanes (if added) presen@lass reactor in 736Gt 5 Torr (1 Torr = 133.3224 Pa) of

in the chemical system. synthetic air. The reaction temperature was kept constant at 296
So far, most of the reported OH yields are based on either + 2 K by the laboratory air conditioner. Details of the d(_a3|gn

product studiess or experiments that used added compounds ©f the reactor have been given elsewhér€,and only a brief

as OH scavenger. The formation of specific products from the description will be given here. _ _ _

oxidation of the OH radical scavengers was used to determine FOr the determination of the OH radical yields in the

the OH yields by a number of groupd:1617Alternatively, the ozonolysis of propene, isobutene, and isoprene, initial concen-

OH radical yield has been inferred from the decrease in the trations of 1.2x 10** molecule cm® for the alkenes were used,

concentration of the OH radical scaven§&1%-21 Most of these as determined by standard volumetric methods. To maintain

studies, which were focused on the determination of OH radical Pseudo-first-order conditions, the initial concentration of ozone

yields, do not embed this information in the overall mechanism Was 1.2x 10 molecule cm?. The IR absorption coefficient
of the gas-phase ozonolysis. This, however, is crucial, since Of 0zone at 1034 crt was determined by comparison with the

reported OH vyields can be as high as—BD% for simple known UV absorption at 253 nA¥.The alkenes investigated in
alkenes, making the proposed hydroperoxide channel thethis stud.y and cyclohexane were calibrated using standard
dominant decomposition channel of the Criegee intermediate. Volumetric methods.
In most of the product studies on the other hand, the observed After the reactor was filled to about 670 Torr with synthetic
products are normally attributed directly to one specific air, 0zone was produced by the photolysis of oxygen at 193
decomposition channel of the Criegee intermediat@onse- ~ hm using a Penray UV lamp mounted inside the reactor. After
quently, there is some disagreement between the OH radicalozone was produced with an approximate concentration of 1.2
yields derived in scavenging experiments and OH radical yields x 10* molecule cm?, cyclohexane ¢-CeH12) was added as
determined from product studies, which are typically lower by an OH scavenger. The amount of cyclohexane was varied in
a factor of 2. On the basis of a product study, Horie and the experiments, with maximum concentrations of {%8.6)
Moortga®? derived an OH radical yield of 10% for propene x 10 molecule cm? for the different alkenes, which was
and 17% fortrans-2-butene, whereas Atkinson and Aschmiann ~ calculated to scavenge more than 95% of the OH radicals formed
determined yields of 33% and 64% for propene &mohs-2- during the ozonolysis. Prior to the addition of the alkene, FTIR
butene, respectively. spectra were recorded to determine the exact amount of ozone,
The aim of this study was to introduce an alternative method andc-CeHay, in the reaction chamber.
for the determination of OH radical yields and to combine this ~ The decrease of the alkene concentration was monitored by
information with the results of a product study. OH radical yields FTIR spectroscopy using an MCT detector at a spectral
are determined by a series of pseudo-first-order experiments inresolution of 0.5 cm'. A total of 64 individual scans were
the presence of different amounts of cyclohexane. Under thesecoadded for each spectrum, resulting in a temporal resolution
experimental conditions, OH radicals are expected to react with of 65 s. To evaluate the absorptietime profiles, only the first
either the alkene used or with the cyclohexane, if present, andfive data points, corresponding to an alkene consumption of
hence, the experimentally determined rate constant for the 35—-54%, were used for the linear regression.
reaction of the alkene with ozone is dependent on the OH radical Product studies of the isobutenezone system were per-
yield and the amount of cyclohexane present. formed in a similar manner with initial concentrations of 48
Determined OH radical yields were used as key input 10 and 2.4x 10 molecule cm? for isobutene and ozone,
parameters for the development of an explicit model, opposite respectively. In these experiments, 256 scans were coadded for
to previous studie® where OH radical yields were inferred each FTIR spectrum. To scavenge OH radicals formed in the
from chemical modeling of a complex mechanism. The influ- gas-phase ozonolysis, experiments also were carried out in the
ence of the peroxy radical chemistry on product distributions presence of 5% CO, which is well below the lower explosive
was investigated with experiments performed using higher initial limit for CO (12.4%). Products were quantified by comparing
concentrations of the reactants. To enable differentiation betweenthe absorbance with spectra of calibrated reference compounds.
products arising from the reaction of;@r OH radicals with Since the statistical error of the calibration is not sufficient to
the alkene, experiments were duplicated in the presence of COaccount for the overall uncertainties in the determination of the
as OH radical scavenger. Isobutene was chosen as the alkenegroducts, errors were estimated as follows: isobutene, ozone
because much of the chemistry of the £LO)CH, radical, 5%; HCHO, HCOOH, acetone, CO 10%; methylglyoxal,
which is formed in the hydroperoxide channel of the ¢&H hydroxyacetone, C§) ketene, CHOH 20%. Chemicals were
COO* intermediate (reaction 4), is known from studies inves- used as purchased commercially: propene (Messer Griesheim),
tigating the oxidation of acetorfé?* An explicit chemical isobutene, isoprene, and cyclohexane from Aldrich.
mechanism was set up using the OH radical yield determined For part of this study an attempt is made to verify experi-
in this study and peroxy radical chemistry according to the mental product yields with numerical simulations using the
IUPAC recommendatior®.It was found that simulated product FACSIMILE computer progrard® Owing to the uncertainties
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associated with complex chemical mechanisms, the influence 4
of the error of the rate constants and the branching ratios for ]
the various chemical reactions was carefully investigated. The ]
chemical scheme used in the simulation is shown in Table 4. If 437
available, rate constants and associated errors were taken from ]
the IUPAC recommendatioft. To ensure symmetrical errors,

stants that are not available from the IUPAC recommendations

were calculated using the geometric mean tlm this case

errors for estimated rate constants were taker &sg(k) = 6.5

1.0 corresponding to an uncertainty of a factor of 10. Branching

ratios were varied linearly within the given limits (see Table

4), since the assumption of normal distributed branching ratios

may yield negative branching ratios. Figure 1. Profile of In(absorption) of isobutene. Initial concentrations
To obtain a measure of the overall uncertainties of the ©f 92one and isobutene are 1210 and 1.2x 10" molecule cm?,

. . . u ,, respectively. Cyclohexane concentrations used are zero (triangles), 7.0
chemical mt_echanlsm shown |n_TabIe_4, a “Monte Carlo ype 101 molecule cm? (crosses), and 9.8 10% molecule cm?
approach with a total of 3000 simulations for each experiment (squares).
was performed. Simulations using the FACSIMILE computer
program are based on an ASCII input file containing all relevant
information such as rate constants, reactions, and output

these are given in the IUPAC recommendatiorEas A log- é 3]
(K. If Alog(k) is thus given as 0.15, the corresponding rate g ]
constank has lower and higher limits & x 101015 andk x A
10+0.15) respectively. For the present study it was assumed = 537
that the given error logk) is normally distributed around Idg ]
with log(Ak) representing two standard deviations. Rate con- £

—— T T T T T
200 400 600 800 1000
time [sec]

o —

instructions. To test the effect of changed rate constants, this 20 HCOOH
input file was processed by a simple self-written computer — v

. . . o n +H20
program that changes the rate constants in their specified error - 8

limits. The manipulated file serves as the input file for the 7]
FACSIMILE simulation. At the time experimental yields were .
determined, the simulation was stopped and calculated concen-< .
trations were stored. The procedure was repeated in a loop until & 16
the desired number of simulations £ 3000) was reached. e ]

Results 14

Determination of OH Radical Yield. For the determination -

of OH radical yields, a series of experiments (no. of experiments 7 0
= 8—15) was performed for each of the alkenes. Experimental 12 L B LA AL B
conditions were chosen so that the monitored decay of the alkene L5 2

absorption follows pseudo-first-order kinetics. By use of an C.H,, [10°
initial O3 concentration of 1.2 10 molecule cm? (corre- _ o _
sponding to a 10-fold excess over the alkene), the absorptionFiguré 2. Dependence ket on [c-CeHizlo. Open circles represent

: measured rate constants. Also shown are data from experiments in the
of the alkene was monitored by long-path FTIR spectroscopy. presence of HCOOH (filled triangle) and-@ (filled squares). The

In Figure 1 absorption profiles are shown for the reaction of gjig jine represents calculated values kaf using eq 13 (see text).
isobutene with ozone in the presence of different amounts of

c-CeH12. The decrease in alkene absorption could be describedformation was obtained in recent studies using spectroscopic
in all cases by a linear function in a semilog plot, although some method<>2° Indirect evidence supporting the formation of OH
deviation from purely linear behavior was observed. This radicals comes from relative rate studi&é?2'Therefore, the
nonlinear behavior was more pronounced in experiments with measured variation dé. was related to the OH radical yield.
low or zero c-CgHi» concentrations. The unimolecular rate The analysis is based on the following reactions:
constankypswas determined by a linear fit to the first five data
points. Under pseudo-first-order conditions, the observed rate alkenet+ O; — productst Y,,OH )
constantkops is related to the bimolecular rate constant by

alkene+ OH — products (8)

Kobs = Ker[O4] (6) ¢-C¢H,, + OH— products 9)

3
molecule cm )

For the calculation okes; the experimentally determined mean where Yoy corresponds to the yield of the OH radical formed
concentrations of ozone were used. When cyclohexane wasin the ozonolysis reaction. At the early stages of the reaction,
added before the start of an experimeh decreased. The  OH radicals will almost exclusively react with alkene or with
dependence dé on the amount of-CegHz12 present (at constant  ¢-CgHyo, if present.
initial concentrations of the alkene and ozone) is shown in Figure  With reactions 79 proceeding, products formed in these
2. reactions also react with OH radicals, thus diminishing the
Although the formation of the OH radical was questioned in consumption of the alkene by reaction 8 at later stages of the
an article by Sctfar et al.5 strong evidence for direct OH radical  reaction. Thus, the slight curvature in the In(absorption) profiles,
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corresponding to a decreasihgy, can be explained by an
increasing importance of the reactions of the OH radical with
products of reactions 7 and 8. Products from reactions 7 and 8,
which are most reactive versus oxidation by the OH radical,
are presumably formaldehyde (HCHO), acetaldehyde3{CH
CHO), and methacrolein (GHC(CHs)CHO) for the different
alkenes investigated in this study. Rate coefficients for the
reaction of the OH radical with these carbonyl compounds are,
however, a factor of 23 smaller tharks of the reaction of the
OH radical with the parent alkene. At the initial stages of the
reaction the OH radical will therefore predominantly react with
the alkenes and reactions-9 should be a good representation
of the chemical system.

It should be also pointed out that the OH radical yietgy)
represents an overall yield that also includes a possible
contribution from the reaction of the H@adical with Q.

HO, + O, — OH + 20, (10)

In the presence of oxygen, HQ@adicals can be formed from

the decomposition channels of the excited Criegee intermediate

CH,00*.3! Another source of H@radicals are reactions of
oxygen with alkoxy radicals, which are formed in peroxy
radicals reactions of the products formed in reaction9.7The
occurrence of reaction 10 is a major contributor to the
uncertainty of the OH radical yield obtained in this study. On
the basis of the explicit chemical mechanism of the isobutene
O3 system discussed below, we estimate that about 5% of the
total OH radical formed arises from reaction 10. Compared to
the overall yield of OH radicals in the chemical systems
investigated, formation of OH radicals due to reaction 10 is of

minor importance. The decrease of the alkene concentration can

therefore be described by reactions9

—d[alkene]/d = k,[O4][alkene]+ k[OH][alkene] (11)

The OH radical concentration can be approximated by assuming

steady-state conditions:

K;YoulOgl[alkene]
kg[alkene]+ ky[c-CgH, 5l

[OH] =

Inserting [OHLsin eq 11 yields

- SR gotaenc1+ %) a2
with
_ oG
~ kglalkene]

Application of expression 12 is easy for experiments that were
performed without-CgH12 addition or withc-CgH12 concentra-
tion in large excess of the concentration of the alkene. In the
presence of sufficient-CgH1, to scavenge virtually all OH
radicals,a > 1 and expression 12 reduces to

_ d[alkene

o W A104][alkene]

(13)
which means that under these conditions (exceGsH,) the
experimentally determinekks of the pseudo-first-order decay
is equal tok;[Og]. The rate constants for propene, isobutene,
and isoprene are determined from experiments witk> 1
(excessc-CgHi2 as OH scavenger) and are given in Table 1.

Neeb and Moortgat

TABLE 1: Rate Constants for the Reaction of Ozone with
Propene, Isobutene, and Isoprene

Kos
[cm® molecule s7Y]
propene 1.15 107 this work
0.96x 10717 43
1.26x 107Y 44
isobutene 124 10°Y this work
1.20x 107Y7 36
1.15x 10°Y 45
isoprene 1.3 107 this work
1.27x 10 43
1.22x 10°Y 45

TABLE 2: OH Radical Yields in the Gas-Phase Reaction of
Ozone with Propene, Isobutene, and Isoprene

OH radical yield literature
propene 0.34,*(8"8% this work
0.33757; 3
0.354+0.07 21
0.184 0.02 17
isobutene 0.60°0% this work
0.84+0.42 3
isoprene 0,25_*3-82 this work
0.19+ 0.02 17
0.65+0.1% 6
02702 2
0.25+ 0.06 32

aPerformed at low pressure.

Values of the rate constants derived in this study are in excellent
agreement with those recommended by Atkinkon.

For experiments that were performed without addition of
c-CgH12, o equals zero and expression 12 reduces to

_ [alkene
dt

a=0

k(1 + You)[O4][alkene]= k.4[O][alkene] (14)

By use of the value ok; determined in the presence of excess
c-CgH12, the yield of OH radicals is directly related kg by

Yon = (Kett — k7)/k7. In Table 2 our evaluated OH radical yields
are shown for propene, isobutene, and isoprene and are
compared to literature values. The OH yields of isoprene (26%)
and propene (34%) measured in the present study fit well with
yields measured by the groups of Atkingdrand Paulsof?-2

but appear to be significantly higher than those reported in the
study of Gutbrod et &’ Some disagreement about the OH yield
of isobutene (60%) exists between the study of Atkinson &t al.
and this study. Their value of 0.84 for isobutene is also relatively
high compared to the 0.70 OH yield for 2,3-dimethyl-2-butene
reported by the same grodpSince very few OH radicals are
formed from the decomposition of the @BIO* Criegee
intermediate, it is expected that fewer OH radicals are formed
in the ozonolysis of isobutene because fewer {@EOO*
Criegee intermediates are formed.

Itis generally assumed that the OH radicals, whose formation
has been observed indirectly by several methods, originate from
the decomposition of the excited Criegee intermediate. However,
very little is known about the reactions of the stabilized Criegee
intermediate. Reactions of the stabilized Criegee intermediate
with H,O have been suggested as the source of OH radicals in
the reaction of isoprene ands® and were incorporated into
the RADM mechanisi? as a source of OH radicals. To
investigate the possibility that reactions of the stabilized Criegee
intermediate might alter the extent of OH radical formation,
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TABLE 3: Product Yields and Modeled Results of the Ozonolysis of Isobuterfe

with CO
without CO (1.2 x 108 molecule cm?)
exptl calcd o= 3313) exptl calcd o= 3114y

A(isobutene)A(Os) 1.56+ 0.10 1.50+ 0.04 1.05+ 0.07 0.964 0.13
HCHO 1.21+0.13 1.45+0.16 0.97+ 0.11 1.00+ 0.20
CH;C(O)CH; 0.514+ 0.06 0.43+ 0.09 0.304+ 0.03 0.28+ 0.06
CH;C(O)CHO 0.174+ 0.03 0.09+ 0.05 0.15+ 0.03 0.05+ 0.03
CH;C(O)CHOH 0.09+ 0.02 0.06+ 0.04 0.07+ 0.015 0.04+ 0.03
CcO 0.15+ 0.02 0.14+ 0.02 n.d. n.d

CO; 0.35+ 0.07 0.45+ 0.08 0.93+ 0.2 0.88+ 0.08
CH3;OH 0.07+0.01 0.05+ 0.03 0.04+ 0.005 0.02+ 0.01
HCOOH 0.08+£ 0.01 0.05+ 0.01 0.09+ 0.01 0.04+ 0.01
H,C=CO 0.005+ 0.002 0 0.005:0.002 0
CH;C(O)CH.OOH n.d. 0.05t 0.04 n.d. 0.18t 0.09
(CHz),C(OOH)CHOH® n.d. 0.35+ 0.10 n.d. 0.03: 0.01

anitial isobutene and ozone concentrations werex4.80* and 2.4x 10* molecule cm?, respectively. Experimental yields were determined
relative toA(Os) after completion of the reaction ({D< 4.8 x 10" molecule cm?). n.d.= not determined® Calculated yields are from a total
of n simulations with varied rate constantsl'he formation of (CH),C(OH)CHO,H was not considered in the chemical mechanism (see Table 4).

several experiments with added scavengers for the stabilized From a number of recent studies, in particular from those
Criegee intermediate were performegHand HCOOH were reporting the direct observation of OH radic&R,it is clear
chosen as scavengers for the stabilized Criegee intermediatédbeyond reasonable doubt that OH radicals are formed as
formed in the ozonolysis of the investigated alkenes. On the products of the alkeneozone reaction. In view of this evidence
basis of published relative rate constants for the stabilized the question raised by Sdea et al® “Is the hydroxyl radical
Criegee intermediat®,we estimate that yO in a concentration really formed in the gas-phase ozonolysis of alkenes?” should
of 2 x 10'® molecule cm? (corresponding to a relative humidity be answered with yes. The discrepancies in the relative
(RH) of 30% at 295 K) would dominate the bi- consumption of pairs of tracers reported in Seheet al®
molecular reactions of the stabilized Criegee intermediate underoriginate most likely from an underestimation of the experi-
the experimental conditions used. HCOOH was also used as amental uncertainties. Scfes et al> assumed an error of 0.3%
scavenger for the stabilized Criegee intermediate because variou$or their GC analysis, which is unrealistically low. A better
recent investigatiod826 have shown that organic acids react estimation of typical errors using the GC method is given by
very rapidly with stabilized Criegee intermediates. When either Paulson et al®

3.6 x 10" molecule cm® HCOOH or 2x 10'8 molecule cm? Product Yields. Ozonolysis experiments were performed at
H,O was added before the alkene was introduced, no significantconcentrations of 4.& 10 molecule cm?® isobutene and 2.4
change inkes was found compared to experiments without x 10" molecule cnm® of ozone. Under these experimental
reaction partners for the stabilized Criegee intermediate (Figure conditions, more than 90% of the ozone reacts within 10 min,
2). From the FTIR spectra it was evident that reactions of the so no attempt to achieve time-resolved product concentrations
stabilized Criegee intermediate have taken place. When, forwas made. CO was chosen as an OH radical scavenger, since
example, HO was added, an increase in HCOOH was observed the oxidation of CO is well-known and does not add to the
as is expected from the proposed reaction of the stabilized complexity of the chemical system.

Criegee intermediate GO 3¢ OH+ CO—CO, + H (17)
HOCH,O00H— HCOOH+ H,0 (16) Product yields of the ozonolysis of isobutene are given in

Table 3. In the presence of CO, the only source of acetone is

We therefore conclude that no bimolecular reaction is producing the decomposition of the primary isobutene ozonide, therefore
OH radicals in the ozonolysis of the alkenes investigated exceptallowing the determination of the branching ratio of the primary
for some minor contribution of reaction 10 as discussed above. iSobutene ozonide:
These results are in line with the results from Atkinson et al.,
who found that the OH radical yield in the-pinene-ozone o~ o
reaction is independent of j@]. H \C—C/
) o h (CHs),
So far, only the two extreme cases of experiments with either ~ (CH;),C=CH, + 0 —— (19
no c-CgH1, addition or the presence ofCgH;, in large excess
concentrations have been analyzed. To relatevith the
- . O
measuredker value in a direct wayo was assumed to be o~ Yo
constant with time. While this is a good approximation for H\C—C/ CH
[c-CeH12], the alkene concentration has decreased typically by 2 (CH;),
35—-55% when data acquisition stopped. The solid line in Figure
2 shows the calculatedes, .determined using the average 5 (1-B) [CH,00* + CH:C(O)CH:] (20b)
measured alkene concentration, the rate conktaahd the OH
radical You yield as described in eq 12. Since the decrease of The acetone yield of 30% (Table 3) implies the formation of
kefr is sensitive to the rate constarkg and kg, the excellent the (CH;),COO* and CHOO* intermediates at 70% and 30%
agreement of the calculated values with the measured valuesyields, respectively, corresponding to a valuefof= 0.70.
provides further evidence for the formation of OH radicals. = Decomposition pathways for the @GBIO* intermediate are taken

—— B[ (CH;),CO0" + HCHO ] (20a)
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from a recent investigation of the ozonolysis of ethéh.

Neeb and Moortgat

It remains unclear if this is the reason for the apparent

should be noted that the relative importance of the various discrepancy of the fact that the Criegee intermediate originating
reaction pathways of Criegee intermediates of identical structure,from different alkenes does not necessarily behave identically.

but originating from different alkenes, is not necessarily
identical.
The total OH radical yield in the isobutenezone system

On the basis of the branching ratios for Criegee intermediates
(CH3),COO* and CHOO*, a detailed numerical simulation was
set up. Reactions of the stabilized Criegee intermediate

in this work (see Table 2) has been determined to be 60%. OnCH,OO were taken from Neeb et &.The small fraction of

the basis of the 12% OH radical yield for the etheneone
reaction (which also includes some contribution of reactiof 10)

stabilized (CH),COO intermediate present was assumed to react
similarly to the CHOO intermediate except that secondary

and preliminary runs of the numerical model described in Table isobutene ozonide is formed in its reaction with HCHO (Table

4, we estimate the contribution of OH radical production from
the decomposition of the GI®O* intermediate and reaction

4).
All reactions to simulate the isobutene ozonolysis are shown

10 to be approximately 5%, making the hydroperoxide channel in Table 4. To describe the chemical system, it was necessary

(reaction 22) the major decomposition reaction for the {gH
COO* intermediate, accounting for 55% of the total OH radical

to include the chemistry of several peroxy radicals that are
formed under the experimental conditions employed in this

production (all percentages are relative to conversion of study. OH radicals that are formed in reaction 22 react in the
isobutene via reaction 19). It should be pointed out that a absence of a scavenger with the alkene, causing the observed
possible underestimation of the OH radical production due to excess alkene consumption and formationdfydroxy peroxy

reaction 10 or the decomposition of the €MD* intermediate

radicals. The decomposition of the Criegee intermediate ac-

is counteracted by the inherent underestimation of OH radical cording to reactions 2123 provides another source of peroxy
yields in our scavenger experiments caused by the only 95%radicals that is also present in the presence of CO as OH radical

OH radical scavenging efficiency.

The extent of stabilization (reaction 23) was estimated by
using data from Hatakeyama et®alwho determined an 18%
yield for ((CHg),COO + CH,0O0). Again, assuming the same
extent of stabilization for the C¥DO* intermediate formed in

the ozonolysis of ethene and isobutene, we estimate a 50%

stabilization for the CHOO* intermediate based on the data of
Neeb et af” and Hatakeyama et &l.The latter authors are
usually cited with an extent of 39% stabilizati&hwhich
however must be corrected with the 7% increase in HCOOH
originating from a bimolecular reaction of the @B inter-
mediate®® Since 30% of the CHDO* intermediate is formed,
most of the yield determined by Hatakeyama et’as due to
reactions of the CKDO intermediate and only about 3% is due
to the formation of the (CEJ,COO intermediate. Having
evaluated two out of three channels (reactions23) discussed,
the extent of the C®eliminating channel is estimated to be
12%. In the ozonolysis dfans andcis-2-butene the formation
of methane was obsen&dand propene has been found as a
product of isoprené? The formation of these hydrocarbons has
been explained from a shift of an H atom simultaneously with
CO;, formation from the Criegee intermediate (reaction 3b). In

scavenger.
The reactions of the G (O)CHO; radical, which is formed

in the reaction of OH radicals with acetone, were found to have

a major influence on the calculated product yields.

CH,C(O)CH, + OH (+0,) — CH,C(O)CH,0, + H,0
(24)

In the isobuteneozone system the GE(O)CH, radical is
expected to originate from the decomposition of the Criegee
intermediate via the hydroperoxide channel (reaction 22) after
isomerization of the alkenoxy radical GE(O)y=CH:

[CH,C(Oy=CH, <> CH,C(O)CH,] + O, + M

— CH,C(O)CH,0, + M (25)

Rate constants for the peroxy radical reactions were taken from
the most recent IUPAC recommendatiGhfRate constants for
the (CH)2C(0O,)CH,OH radical, which is the most probable
peroxy radical formed in the reaction of isobutene with OH
radicals (Markovnikoff's rule), are not known and were

the ozonolysis of isobutene the formation of ethane could not estimated using the geometric mean ffiBranching ratios for
be observed (upper limit of 2%) presumably because of the the reactions of the (CHC(O,)CH,OH radical and the rate

higher stability of the leaving radicals (GMs H). The reactions
pathways of the excited (GHHCOO* intermediate under
atmospheric pressure are therefore described by reactiens 21
23. Normalized to unity, the branching ratios of reactions 21,
22, and 23 are 0.17, 0.78, and 0.05, respectively.

(CH,),COO* — CO, + 2CH, (21)

(CH,),COO* — CH,C(OOH)=CH,* —
CH,C(Oy=CH, + OH (22)

(CH,),COO*+ M — (CH,),COO+M  (23)

The extent of stabilization of the (GHCOO* intermediate
originating from the ozonolysis of isobutene is significantly
lower than the 30% stabilization determined by Niki et &r

the 2,3-dimethyl-2-buterreozone reaction. In their study Niki
et all determined the extent of OH radical production via

constant for its self-reaction were taken from the recommenda-
tions of Jenkin et at? To reduce the complexity of the chemical
mechanism, the formation of the (GHC(OH)CH,O, radical
was not considered, though rate constants for this peroxy radical
are available from studies of the oxidationteft-butyl alcohol*°
The oxidation of HCHO, initiated by its reactions with the HO
radical#! was not incorporated either. The calculated product
yields from the simulation runs were not significantly affected
(less than 0.2%) when the corresponding reactions were added.
Calculated yields are compared to experimental values in
Table 3. For the calculated yields of a product the entire set of
calculated product yields could be analyzed using the Gaussian
distribution. In Figure 3 the distribution of HCHO yields is
shown and compared to a fitted distribution. The high variability
of the calculated HCHO yield is not unexpected, since part of
the HCHO is formed from the reactions of the €¥» and
CH3C(O)CH,0;, radicals and therefore is subject to numerous
uncertainties. Errors for the calculated yields in Table 3
correspond tak20 and reflect the overall uncertainties associ-

reaction 22 but did not consider the ester channel (reaction 21).ated with the reactions leading to the observed products.
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TABLE 4: Explicit Chemical Mechanism for the Isobutene—Ozone Systerd
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error,

no. reaction rate constant E = log(AK)
19 (CHy),C=CH, + O; — POZ 1.2x 10°Y7 0.08
(CH3).C=CH; + OH (+0) — RO, 51x 107%™ 0.08
20a POZ— (CH3),COO* + HCHO 1x 1031 — o)
20b POZ— CH,O0* + CH3COCH; 1x 108y
CH,00*— CO, +2H 0.10x 1C°
CH,O0* — CO;, + H, 0.13x 10°
CH,O0* — CO+ HO 0.13x 1C°
CH,O0* — HCO + OH 0.10x 1¢°
CH,O0* — HCOOH 0.04x 1C°
CH,O0* + M — CH,00 + M 0.50 x 10°f/M
23 (CH),COO* + M — (CH3),COO+ M 0.05x 10°/M
22 (CH),COO* — CH;COCH, + OH 0.78x 1P
21 (CH).CO0*— 2CH; + CO, 0.17x 10°
CH,O0 + HCHO— HCOOH+ HCHO ke(4 x 107 14)¢
CH,O0 + HCOOH— HPMF kc(60 x 10714
(CH3).,COO+ HCHO— SOZ ke(4 x 1071
(CH3).,CO0O + HCOOH— (CHj3),C(O,H)—O—CHO ke(60 x 10714
HOy Chemistry
18 H+ O, (+M) — HO, 75x 10°%
CHs + O, (+M) — CH30, 1.8x 1072
10 0; + HO, — OH + 20, 2 x 1071 0.2
2HO, — H0; + O, 2.8x 10°*? 0.15
HCHO + OH— HCO + H,0O 9.2x 10712 0.1
HCO+ O,— CO+ HO, 55x 10°%?
CO+ 03— CO,+ 0O, 1x10% 1.0
17 CO+ OH—HO, + CO;, 20x 10 0.2
Peroxy-Peroxy Radical Reactions
25 CHCOCH, + O, — CH3;COCH0, 1.5x 1072
2CH;COCH0,; — 2CH;COCHO + O; 6.0x 10°%2 0.3
2CH;COCH,0O, —~ HYACE + MGLY + O, 20x 10°% 0.5
2CH;CO0O, — 2CH,COO + Oy 1.6x 1071 0.5
2R0G, — 2RO+ O, 1.7 x 10714d 1.0
2CH;0, — 2CHO + O, 3.7 x 10 B, 0.12
2CH;O, — CH30OH + HCHO + O3 3.7x 10781 — ayp) 0.12
Peroxy-HO, Radical Reactions
RO, + HO, — ROOH+ O, 1.5x 104 0.5
CH3;COCH,O; + HO, — CH3;COCH,O:H + O, 9.0x 10°%? 0.3
CH3;COQ, + HO, — CH;COQH + O, 1.0x 107 0.3
CH3;COQ; + HO, — CH;COOH+ O3 3.6x 10°%? 0.3
CH30; + HO, — CH30.H + O, 52x 10°% 0.3
Peroxy-Peroxy Cross Reactions
CH3;COCH,0O; + RO, — CH;COCHO + RO+ O; 7.4 x 10 Bpd 1.0
CH3;COCH0O; + RO, — CH;COCHO+ P1+ O, 7.4x 10731 — ag)¢ 1.0
CH3;COQ; + RO, — CH;COO+ RO + O, 1.0x 10712d 1.0
RO, + CH30, —~ RO+ CH30 + O, 1.6 x 10 %3qd 1.0
RO, + CH30, — P1+ HCHO + O, 1.6 x 107131 — o) 1.0
CH3;COCH,0; + CH3COQO, — CH3;COCHO+ CH;COOH+ O, 5.0x 1071 — as) 0.5
CH3;COCH0O; + CH3COO, — CH3;COCHO + CH3COO+ O, 5.0 x 10 *05 0.5
CH3;COCH,O; + CH30, — CH3;COCH,0O + CH30 + O, 3.8 x 10 *0, 0.3
CH3;COCH,0O; + CH3O, — CH3OH + O, 3.8x 10711 — ag)/2 0.3
CH3;COCH,O; + CH30, — CH3;COCH,OH + HCHO + O, 3.8 x 1071 — ag)/2 0.3
CH3COQ, + CH30, — CH3COO+ CH3;0 + O, 1.1x 10 0.3
CH3;COQ; + CH30, — CH;COOH+ HCHO + O, 1.8x 10712 0.5
Decomposition of Alkoxyradicals
26 CHCOCH,0O (+0;) — HCHO + CH3;COO;, 1x 10°
CH;COO (+0O,) — CH30, + CO;, 1x10°
CH30 + O, —~HCHO + HO, 19x 1071
RO — CH;COCH; + HCHO + HO; 1x10°

aUnless otherwise stated, rate constant are taken from Atkinsorfe¥alues for the branching ratiasl—o6 were taken from Jenkin et &P:
al=0.3+0.05;02=0.3+0.1;03= 0.7+ 0.2;04 =0.7 £+ 0.2;05 = 0.7 £+ 0.2; 06 = 0.6 & 0.2. SOZ= secondary isobutene ozonide; POZ
= primary isobutene ozonide; R@quals (CH).C(O,)CH.OH; RO is the corresponding alkoxy radical (§4€(0O)CHOH; P1= (CH3).C(OH)CHOH.
b Rate constants for bimolecular and unimolecular reactions are givendmaomecule® s~* and s*?, respectively. ¢ Absolute rate constants for
reactions of the stabilized Criegee intermediate are not available. The vatyda$ arbitrarily been set to 1 Rate constants were derived by the
geometric mean rulky; = 2(kikz)2 with k; andk; being the rate constants for the self-reactions of the peroxy radicals participating in the reaction.

Both in the absence and presence of CO, the calculated4. The agreement is excellent for the alkene consumption,
product yields are in good agreement with experimental data. HCHO and acetone, CO and @Ohe only compounds whose
In Table 3 experimental product yields are compared to experimental yields are clearly different from the modeled results
calculated yields using the chemical scheme described in Tableare HCOOH and methylglyoxal. HCOOH concentrations are
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Figure 3. Calculated HCHO yields A(HCHO)/A(ozone)) in the
isobutene-ozone system in the presence of excess CO. Rate constants
used in the simulation (Table 4) were varied according to a normal Figure 4. FTIR spectra (70862000 cnt?) after computational subtrac-
distribution (see text). The total number of simulations was 3313. The tion of the absorbance of products listed in Table 3: (solid line) in the
width of a histogram bars is 0.0125. presence of CO; (dashed line) without CO addition.

Wavenumber [cm'l]

largely controlled by the reactions of the stabilized X0 and presence of CO is shown after computational subtraction
intermediate (see Table 4), which introduce considerable of the absorbance of the products listed in Table 3. According
uncertainty. The reactions of the @BIO intermediate with {0 the results of the chemical modeling, the major contributors
HCHO and HCOOH, which are of some relevance in our to these Spectra should be the hydroperoxidesme)cl—b_
laboratory study, are unimportant under tropospheric conditions. oOH and (CH),C(OOH)CHOH. The modeled vyield of
Therefore, no attempt was made to find a better set of rate (cH,),C(OOH)CHOH also represents the yield of (Gh+
constants for the reactions of the stabilized Criegee intermedi- c(OH)CH,OOH hydroperoxide, since only ong-hydroxy
ates. The experimentally obtained yield for methylglyoxal is peroxy radical is allowed to form in the chemical scheme. Minor
larger than the calculated yield by a factor of 3. Even taking amounts of diols and hydroxycarbonyl compounds containing

into account the fa|r|y Iarge error in calculated yields, the model four carbon atoms may also contribute to the spectra shown in
results are clearly too low. It cannot be ruled out that our Figyre 4.

experimentally determined methylglyoxal yield is too high

because absorptions of unidentified products can add to theConclusions
absorption used for the quantification of methylglyoxal. In a . .
previous investigation of the isobutene ozonolysis, Grosjean et. The rate constants for th? reaction of ozone W'th propene,
al42 found a yield of 19% for the sum of methylglyoxal and isobutene, and isoprene, which were determined in the presence

hydroxyacetone, which is comparable to the results of this study. of cyclohexane, are in excellent agreement with recommended

Since the experimental yield of hydroxyacetone is also higher yalues. The OH radical yields for propene, isobutene, and

than those calculated, it appears possible that an underestimatiofP°PTe"e have been redgtermmed on the basis of a novel method
of the rate constant for the self-reaction of thesCKD)CHO, monitoring the pseudo-first-order decay rate of the alkene under

radical might lead to the observed discrepancy. Another excess ozone conditions. From the results of the experiments
possibility is that the CEC(O)CHO alkoxy radical does not in the presence of ¥ and HCOOH, it appears that reactions

decompose exclusively but also reacts with molecular oxygen: of t_he stab|I|zeq Criegee intermediate haye no eff‘?” on OH
radical production. In contrast to the previous publication by

CH,C(O)CH,0 — CH,CO + HCHO (26a) Schder et al.5> no evidence for the Criegee intermediate acting
as oxidant was found. The value for the OH radical yield of
CH,C(O)CH,0 + O, —~ CH,C(O)CHO+ HO,  (26b) isobutene (60%) was used for the development of an explicit
chemical mechanism of the isobutene ozonolysis in the gas
So far, there is no evidence for the occurrence of reactiorf26b, phase. Comparison of calculated product yields with experi-
and so the numerical scheme was left to conform to IUPAC mental values from this study shows that most experimentally
recommendation®. found products can be quantitatively explained by the simple
Two major products (CBC(O)CHOOH and (CH)2- Criegee mechanism and the secondary chemistry of the peroxy
C(OOH)CHOH) were not measured by FTIR spectroscopy radicals used in the simulation.
because of the absence of reference compounds. In the absence The discussed three pathways (reactierbgfor the Criegee
of CO it is likely that most of the (CkJC(O,)CH,OH radical intermediate imply an inverse relationship between OH yield
reacts with HQ radicals, forming the corresponding hydro- and the degree of stabilization. This assumption should hold
peroxide (Table 3). In the presence of CO, the concentration of true as long as the Climinating channel (reaction 3) either
the HQG radical can be expected to be enhanced because ofis of minor importance or contributes to a rather constant
reactions 17 and 18. Under these conditions the organic percentage to the decomposition channels of different Criegee
hydroperoxide-forming reaction of the GEI(O)CHO; radical intermediates. While OH radical yields are available for a
with HO, radicals will be more important than the self-reaction number of alkenes and dialkenes, much less data are available
of the CHC(O)CHO, radical, leading to lower yields of aboutthe degree of stabilization. The single most extensive data
methylglyoxal and hydroxyacetone, as is observed experimen-set comes from Hatakeyama efalvho used the oxidation of
tally. In Figure 4, a comparison of the spectra in the absence SO, to SG; by reaction with the Criegee intermediate as a
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Figure 5. Relation between the yields of OH radicals and stabilized

Criegee intermediates. The line represents an unweighted linear

regression. Alkenes in the order of increasing OH radical yield are
ethene, propenej-pinene,cis-2-butene, 1-octene, methylene-cyclo-
hexene, isobutene, cyclopentertegans2-butene, cyclohexene, 2,3
dimethyl-2-buteneg-pinene, and 1-methylcyclohexene. All data are
taken from the recent review by Atkinséh.

quantitative measure for the extent of stabilization. The inverse
correlation of the degree of stabilization and extent of OH radical
formation is shown in Figure 5.

Our result suggests that most of the products of the
isobutene-ozone reaction can be attributed to secondary reac-
tions of the CHC(O)CHO, peroxy radical. Tropospheric
lifetimes of alkenes range from minutes to hours, so anthropo-

genic alkenes emitted in urban areas are likely to react near

their source. Under these conditions reactions of the formed
peroxy radicals with NO dominate, and therefore, product yields
will differ dramatically from NO-free conditions. According to

the chemical scheme used in this study, the reaction of isobutene

and QG in the presence of NO will yield only CO, GOHCHO,
HCOOH, and CHC(O)CH; as stable (carbon-) containing

J. Phys. Chem. A, Vol. 103, No. 45, 1998011

of the secondary chemistry can be reduced to “normal” peroxy
radical chemistry, making it easier to incorporate into tropo-
spheric chemistry models.
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